The dopamine D, and D, receptor subtype population (Kebabian and Calnc, 1979; Stoof and Kebabian, 1984) in the CNS has been extensively characterized by various approaches, including pharmacological techniques (see reviews by Seeman, I98 1; Creese et al., 1983; Hess and Creese, 1987) and molecular cloning Sokoloff et al., 1990; Zhou et al., 1990; Sunahara et al., 1991; Van To1 et al., 199 I) . In vifro autoradiographic studies using selective agonists and antagonists have demonstrated regional patterns of localization for D, and D, receptors in rat (Klemm et al., 1979; Palacios et al., 1981; Dawson et al., 1985; Boyson et al., 1986; Dubois et al., 1986; Charuchinda et al., 1987; Richfield et al., 1989) monkey (Kohler and Radesater, 1986; Richfield ct al., 1987; Lidow et al., 1989) and postmortem human brain (Liskowsky and Potter, 1985; Camus et al., 1986; Dawson et al., 1987; DC Kcyscr et al., 1988; Camps et al., 1989; Cortes et al., 1989) . These studies show D, and D, receptors to be present in the basal ganglia, nucleus accumbens, olfactory tubercle, cingulate cortex, and the prefrontal area, sites known to receive dopaminergic projections (Berger, 1977; Emson and Koob, 1978; Lindvall and Bjorklund, 1978; Thierry et al., 1978; Lewis et al., 1988) . Although conventional film autoradiographic techniques have been useful in characterizing the regional distribution of dopamine D, and D2 receptors, this approach does not have sufficient resolution to permit the localization of these receptor subtypes to single neurons in sections of intact brain tissue (Herkcnham, 1988) . A high-resolution coverslip emulsion technique is ideal for obtaining quantitative binding data from single cells (Young and Kuhar, 1979 ; Benes et al., I989), but this approach cannot bc readily combined with most other standard localization techniques, precluding its widespread USC in double-labeling paradigms. An alternative approach that has the potential of providing discrete, high-resolution information regarding the anatomical localization of receptors, and one that may be potentially combined with immunolabeling techniques, is the use of fluorophore-labeled, high-affinity ligands that arc specific to various receptor subtypes, including D, and D, high-affinity sites. Recently, the dopamine D, and D, receptor antagonists SCH 23390 and N-(p-aminophenethyl)-spiperone (NAPS), respectively, have become available as fluorcscently coupled probes . The technique of receptor binding on slide-mounted tissue sections using thcsc fluoresccntly coupled, high-affinity ligands has been employed to visualize the anatomical distribution ofneurons bearing D, and Dz receptor binding sites in corpus striatum and nucleus accumbens of rat forebrain (Ariano et al., 1989 (Ariano et al., , 1991 . To date, the distribution of binding for the lhroresccntly coupled ligands in the medial prefrontal cortex (mPFC), a region known to receive a dopaminergic projection from the Al0 cell group of the ventral tegmental area (Lindvall and Bjorklund, 1978; Thierry et al., 1978) , has not as yet been characterized. Information regarding the anatomical localization ofcortical dopamine receptors may add to our understanding of how midbrain ventral tegmental neurons interact with intrinsic elements of mPFC. In addition, the fact that dopamine-blocking drugs arc effective in the treatment of psychosis (Bacopoulos et al., 1979; Matsumoto et al., 1983; Berman et al., 1986) has raised the possibility that localizing such binding activity to specific neuronal subtypes may provide clues concerning the role of dopamine in the pathophysiology of schizophrenia, a disorder in which a relative excess of dopamine-dependent neuronal activity has been postulated by some to be a significant contributing ncurochemical defect (Kety and Matthysse, 1972; Meltzer and Stahl, 1976; Carlsson, 1978a,b) .
To gain a better understanding of the functional relationship between these receptor sites and intrinsic neuronal elements of the cortex, we examined the use of fluorescently coupled, sclective antagonist ligands in characterizing the distribution and cellular localization of dopamine D, and D, receptor binding fluorescence in the rat mPFC using Ruorescently coupled SCH 23390 and NAPS, respectively. Tissues were examined with cpilluorescence optics for the presence of cells showing D,-or D,-like receptor binding fluorescence in the mPFC to characterize the relative distribution and localization of such cells in cortex.
Materials and Methods
Tissue preparufion. Male CD rats (300400 gm body weight; Charles River Breeding Laboratories, Wilmington, MA) were decapitated, their brains were rapidly removed and cut in a coronal plane at the level of the optic chiasm, and the forebrain block was rapidly frozen in TissucTek O.T.C. Compound (Miles, Elkhart, IN) on crushed dry ice and stored at -75°C. Coronal serial sections, taken at a level rostra1 to the genu of the corpus callosum, were cut at a thickness of IO pm at -14°C on a cryostat, and then thaw mounted on gelatin-coated slides, and either used immediately or stored at -20°C for 24 hr.
Dopamine D, and D, receptor binding. Dopaminc D, and D, receptor binding sites were labeled by using the antagonists SCH 23390 and NAPS, respectively, coupled to either of the fluorophores, Bodipy or Texas red. Stock solutions ofthe fluoroprobes were prepared in dimethyl sulfoxide (DMSO) and stored at -20°C. Initial binding trials based on the methods described by Ariano et al. (1989 Ariano et al. ( , 1991 produced a high background fluorescence that prevented visualization of labeled cells. A procedure that provided relatively consistent and reproducible binding patterns is described below.
All receptor assays were carried out in a 100 mM Tris-HCI buffer, pH 7.4, that contained no additional ions or salts. Tissue sections were transferred through two changes of bull& at 2°C for a total of 5 min in order to rehydratc the tissue and remove endogenous dopaminc. The sections were then incubated with a fluoresccntly coupled ligand, washed three times for 30 set in fresh buffer, and dipped once (5 see) in distilled water, at 2°C. The slide-mounted sections were rapidly dried with a stream of air and stored in sealed slide boxes at 4°C until examined the following day.
To determine optimal binding conditions for visualization of fluorescence, a series of cxpcriments were performed to assess the characteristics of fluoroprobe binding. The D, series used SCH 23390-Bodipy or SCH 23390-Texas red. and the D, assav used NAPS-Texas red or NAPS-rhodamine (Molecular Probes: Eugcnc, OR) to label the respective receptor binding sites. Studies were performed with concentrations of labeled ligand from IO to 100 nM to assess the optimal concentration of ligand. Kinetic studies were performed using a 100 nM concentration of labeled ligand, and incubation times varied from I to 60 min. Competition studies were carried out using 100 nM labeled ligand with varying concentrations of unlabeled receptor agonist in the incubation solution, using (+)SKF 38393 for D, receptors, and quinpirole for D, receptors(Research Biochemicals Inc., Natick, MA). In studies that used competitors. the tissues were initially incubated for 10 min in buffer that contained only the competitor, followed by incubation with both the labeled ligand and the competitor. All incubations included 100 nM mianserin-HCI (Research Biochemicals Inc.) to block the binding of ligand to serotonin 5-HT, receptors (Palacios et al., I98 I; Altar et al., 1985a,b) .
For analyses of the laminar distribution of cells showing dopaminelike receptor binding, each receptor subtype was independently labeled by incubating the tissue sections for IO or 15 min in 100 nM concentrations of the appropriate Ruorescently coupled D, or D, ligands at 2°C. In order to ascertain the effect of mianserin on displacing the binding of the D, ligand to 5-HT, receptors, an experiment was done with NAPS-Texas red in the presence and absence of 100 nM concentration of mianserin-HCI.
Adjacent tissue sections were stained with cresyl violet for Nissl substance in order to verify anatomically the presence of mPFC and to obtain general cell size and density data. The atlas of Paxinos and Watson (1986) was used to identify relevant structures in the rat brain.
Photogruphy. Dopamine receptor binding fluorescence was viewed using fluorescein isothiocyanate (FITC)-and rhodamine-specific dichroic filters with the epilluorescence optics of a Leitz Diaplan light microscope. The excitation and emission spectra for Bodipy (4951505 nm) and Texas red (5941623 nm) are within the wavelength band widths specified by the FITC-and rhodamine-specific excitation and emission filters. The use ofaqueous or oil-based coverslipping media was avoided because it would promote disassociation of the ligands and dilfusion of the fluoroprobe in the media, thus making this method of preparation impractical for viewing and subsequent storage of specimens. Under these conditions a "dry" coverslip was placed on the tissue sections prior to viewing in the microscope. Low-power photomontages through the depth of the cortex were constructed from photomicrographs made with a 25 x Fluotar lens (0.60 NA). High-magnification photomicrographs were made with a 40x Fluotar lens (0.70 NA), coupled to a 1.6 x magnification converter. Photomicrograph exposure times were standardized with the camera in the manual exposure mode (Table I) .
Images were recorded using Tri-X Pan black-and-white film developed with Rodinal (Agfa) for high image acutance, at normal plus 20% development time to increase contrast. The negatives were printed on Kodak Polycontrast III RC paper using a high-contrast #5 filter in order to maximize the contrast level between Ruoroprobe-positive cells and the background. Because of slight variations in the density of the negatives obtained from each receptor assay, printing exposure times were standardized for each experimental condition to optimize the visualization of receptor-positive cell bodies and to demonstrate accurately the effects of the different experimental conditions. In addition, lowmagnification photomontages were made of adjacent, cresyl violetstained sections from corresponding areas of cortex in order to detcrmine the boundaries of the cortical laminae in the fluorescent photomontages.
Receptor distribution analysis. In order to reduce further the background level of fluorescence and to highlight better the position of labeled cell bodies for counting, the low-power photomontages were photocopied and the resulting sheets were pieced together to form a duplicate montage. To determine the laminar distribution of cells beating the labeled dopamine receptor subtypes, drawings were made from the column ofcortex illustrated in the duplicate photomontages indicating the location of cells with D,-like or D,-like receptor binding fluorescence throughout the depth of the mPFC. The numbers of fluorescence-emitting cell profiles per mm2 were determined for the cortical laminae grouped together as layers II-III and V-VI. The arca for each layer of the cortex in the photographic field was made with a WYSE 386pc computer equipped with BIOQUANT software (R and M Biometrics, Nashville, TN). Cortical lamination was determined from the photomontage made from the corresponding cresyl violet-stained section.
Cell size distributions were obtained from representative fields of layer VI and subcortical white matter that contained D,-and D,-positive cells and from adjacent cresyl violet-stained sections. The determination of cell size was carried out with the following steps. Microscopic fields were initially viewed with a 40 x Fluotar lens coupled to a I .25 x magnification converter with the aid of a Dage-MT1 SIT-68 video camera interfaced with a DSP-100 digital signal processor (DAGE-MT1 Inc., Michigan City, IN). A series of fields containing layer VI or subcortical white matter were recorded on a still video floppy disk using a Sony MVR-5300 still video recorder that was operated in the hi-band/frame format for high-resolution recording. Subsequently, these recorded images were transferred to the WYSE 386pc computer and cell size measurements were made using BICQUANT software. Cell size distributions from adjacent cresyl violet-stained sections were made using a Leitz Laborlux S microscope interfaced with the computer.
Neuron-spec$c enolase. To establish whether the fluoroprobc-positive cells observed in mPFC were neurons, a colocalization study for dopamine receptor binding fluorescence and neuron-specihc enolase (NSE) immunoreactivity (NSE-IR) was carried out. In this procedure, tissue sections containing mPFC were incubated separately with D, or D, fluoroprobes as described above. Regions of layer VI and subcortical white matter were photographed using epifluorescence optics; the corresponding microscope stage x and y vcmier coordinates were noted. Immediately following the photography session for dopamine receptors, the immunolabeling procedure for NSE was carried out on the same tissue sections. This procedure was performed in plastic snap-cap slide holders so that the sections would be uniformly exposed to the various reagents. The sections were first incubated in a solution of 0.03% H,O, in 50 mM Tris-saline buffer (TS), pH 7.4, for IO min at room temperature. The sections were then washed in TS and exposed for I hr to a solution containing 1.3% normal goat serum in T!+O.3% Triton X-100 (TST). Following three washes with TST, the tissue sections were incubated overnight at room temperature in TST, pH 7.4, containing a I:1500 dilution of rabbit anti-human NSE (Incstar, Stillwater, MN). Following incubation with primary antibody,.the sections wcrc washed in TST and then treated for 1.5 hr at room temperature with TST containing 0.05% goat anti-rabbit antibody. The sections were washed in TST and then incubated for 2 hr at room temperature in TST containing the avidin-biotinylated enzyme complex (Vcctastain ABC Kit, Vector Laboratories, Inc., Burlingame, CA). Following this incubation, the sections were washed several times in TS and then exposed for 5 min to TS containing 0.05% 3,3'-diaminobenzidine and 0.05% H,O,.
Sections were washed several times in TS, air dried, dehydrated through alcohol and xylene, and coverslipped with Cytoseal-60 mounting media.
The immunoreacted sections were photographed with a light microscope and Nomarski interference contrast illumination using the previously determined magnification and microscope stage x and y vernier coordinates. Thus, the photographed NSE-immunoreacted areas were identical to those previously taken for the two dopamine receptor subtypes. The corresponding pairs of photographic prints generated from the respective dopamine receptor-labelcd/NSE-immunoreacted tissue sections were analyzed for the presence of cells identified by both fluoroprobe and NSE immunoreactivity. A comparative analysis for this dual identification was done for cells in layer VI and the subcortical white matter of mPFC.
Results

Methodological considerations
Initially, it was necessary to establish tissue preparation procedures and assay conditions that would produce pharmacologically appropriate and reproducible fluoroprobe binding to dopamine receptors in the cortex. To preserve the morpholog- ical integrity of the tissue, initial experiments were carried out with brains that were lightly fixed by perfusion with buffered 0.1% formaldehyde, followed by immersion in buffered 30% sucrose, and then frozen in Tissue-Tek O.T.C. compound. Results from tissues prepared in this manner were difficult to interpret due to the prcscncc of excessively high, nonspecific background fluorescence that obscured the binding of fluoroprobe on cell bodies. In addition, there were large circular-shaped artifacts of fluoroprobe heterogeneously distributed over the entire surface of the tissue sections, thus rendering thcsc tissues unsuitable for analysis. Subsequent studies were carried out with unfixed, fresh-frozen tissue that provided an optimal fluoroprobe localization with low background labeling, a high degree of probe specificity, and satisfactory preservation of morphological detail. It was also found that using a Tris-HCl buffer, free of other ions or salts, in place of phosphate-buffered saline, further lowered the background fluorescence and improved the morphological integrity of the tissue. Studies were performed using fluorescently coupled SCH 23390 and NAPS to determine the appropriate concentration of ligand needed to detect D,-like and D,-like receptor binding fluorcscence, respectively. The results of these assays were obtained by careful analysis of representative fields from photomicrographs where the relative fluorescent emission intensity and localization of fluoroprobe were compared for the different concentrations ofligand. Although some binding fluorescence could be detected with ligand concentrations in the 10-50 nM concentration range, 100 nM proved to be the most reliable concentration of fluoroprobe for detection of cell bodies showing D,-like or D,-like binding using conventional photomicrography, while still yielding acceptably low background fluorescence.
Kinetic studies were performed by using a 100 nM concentration of fluoroprobe to determine the appropriate amount of time for the preincubation wash, incubation, and postincubation wash. As determined from analysis of representative photographic fields, a brief wash of the tissue sections through two changes of cold buffer prior to incubation with the respective ligands reduced background fluorescence and increased the apparent intensity of fluorophore emission from fluorescenceemitting cortical cells. For SCH 23390-Bodipy, optimal visualization of labeled cell bodies was attained at 15 min of incubation, while for SCH 23390-Texas red and NAPS-Texas red a 10 min incubation was adequate to produce an appropriate localization ( Fig. 1) . At 60 min of incubation, the intensity of background fluorescence began to obscure visualization of labeled cells that were present at earlier time points; by 90 min of incubation cell bodies could not be distinguished from surrounding neuropil. In addition, for all binding experiments, it was determined that three postincubation washes of 30 set duration each were adequate to attain a high degree of specific The relative frequency ofcells showing both dopamine receptorwas determined by visual analysis of the relative intensity of binding fluorescence and NSE-IR was compared in layer VI and fluorescence emission illustrated in the photomicrograph series subcortical white matter of mPFC (Fig. 3) . This analysis demgenerated for each incubation in the presence of competitor.
onstrated that fluorescence from both D, and D, dopamine
When 10 nM unlabeled SKF 38393 was added to the incubation, receptor ligands was localized to neuronal cell bodies, while only it substantially reduced the intensity of fluorescence when coma small proportion of neuroglial cells were labeled with fluopared to sections incubated with SCH 23390-Texas red alone roprobe. In layer VI, the percentage of dopamine receptor-pos- (Fig. 2) . In sections incubated with NAPS-Texas red there was itive neurons that also showed corresponding NSE-IR was 9 1% a similar reduction in the amount of fluorescence when 10 nM for D,-, and 78% for D,-like receptor binding (Fig. 4) . The quinpirole was added to the medium (Fig. 2 47%, respectively, of that for Nissl-stained neurons obtained in and the subcortical white matter, and the data were compared a similar region from an adjacent section. In the white matter with the cell size distribution generated from adjacent Nisslbeneath layer VI, the percentage of dopamine receptor-positive stained sections. The distribution of size for cells in layer VI cells that also showed corresponding NSE-IR was 28% for D,-showing D,-or D,-like receptor binding fluorescence was difand 49% for D,-like receptor binding (Fig. 4) . ferent for the respective receptor subtypes (Fig. 5) (Fig. 5) . A large proportion (50%) of D, receptor-positive cells occurred in the size range of 100-200 pm2 in which pyramidal neurons are exclusively found. The size range of most fluorescence-emitting cells in the subcortical white matter was l-40 ccm2, overlapping with that for neuroglial cells; some of these cells may be small nonpyramidal neurons because 10% and 1% of D, and D, receptor-positive cells, respectively, had a size range of 4 l-60 pm*. The latter range is similar to that for the smallest neurons seen in layer VI from the Nissl-stained sections.
The laminar distribution of neurons with D,-or DJike receptor binding fluorescence was sampled from several receptor binding experiments (Figs. 6, 7 ). There were 147% and 88% more D, and D, receptor-positive cells, respectively, per 1000 pm2 in layers V-VI versus layers II-III (Fig. 7) . The contribution of 5-HTz receptor binding to the D,-like binding fluorescence observed in superficial versus deep layers with NAPS-Texas red was evaluated and controlled for by adding a 5-HTz receptor blocking agent to the incubation solutions. In the presence of 100 nM mianserin, there was a decrease in the number of labeled cells per 1000 pm? in layers II-III (33%) and V-VI (I ~OL-I) ( The present study demonstrates the cellular localization and distribution of the dopamine D, and D, receptor subtypes in the mPFC ofrat by using the high-affinity, Iluorescently coupled ligands SCH 23390 and NAPS, rcspcctively. A significant advantage of using such fluoroprobes for receptor binding in place of other methods, such as autoradiography, is its compatibility with other localization procedures such as immunocytochemistry. Toward this end, the use of these fluoroprobes enables rapid assessment of receptor localization (within 24 hr), a significant improvcmcnt over the extensive exposure times (2-8 weeks) required for using tritium-labeled ligands in conventional in vitro autoradiography. In order to establish the suitability of Ruoroprobes for receptor binding in sections of intact tissue, however, it is necessary to determine that the binding characteristics of these modified ligands are consistent with accepted pharmacological parameters. In this regard, the initial focus of the present study was directed toward establishing appropriate binding conditions for receptor binding on glassmounted tissue sections that could provide relatively reproducible and predictable results. The analysis of results from these experiments relied on the use of photomicrographs and necessitated that the photographic procedures, such as exposure times, development, and printing conditions, bc carefully controlled and standardized. An important consideration in applying fluorcscently coupled ligands to localize cortical dopamine receptor binding sites was the method oftissue preparation. Initial attempts to localize the D,-and DJike receptor binding fluorescence in rat mPFC employed tissue specimens that were minimally fixed with alde- hyde, cryoprotccted, and frozen. This method has proven to be compatible with standard procedures for the localization of many types of receptor binding sites Kuhar, 1979, 1980; Unnerstall et al., 198 1; Vogt and Bums, 1988; Vogt et al., 1990) and also provides good preservation of morphological detail for light microscopic analysis (Benes et al., 1989) . In the present study, tissues prepared in this manner showed marked variations in fluorescent emission intensity among different tissue sections treated in an identical fashion both within a single experiment and between different experiments. Subsequent studies demonstrated that these variations could be minimized by (I) eliminating the fixation and cryoprotection steps in tissue preparation and using fresh-frozen material, (2) briefly washing the tissues initially to remove endogenous ligand, (3) changing the buffer system from sodium phosphate to Tris-HCI, and (4) conducting all binding and washing procedures at 2°C. Another methodological concern in the present study was related to the long-term stability ofthese Buoroprobes. Unlike tritiated ligands that exhibit little change in their binding characteristics following extended storage intervals, the binding characteristics of the fluorescently coupled, dopamine-specific ligands were significantly affected by relatively brief storage times. When dissolved in DMSO and stored frozen at -20°C for up to 6 weeks, the fluoroprobes showed reproducible binding properties and emitted a bright signal. After 6 weeks of storage, there was increased variability in binding and the specific fluorescent signal on cell bodies decreased appreciably. It is also important to use pure An important issue for the use of these fluoroprobes in sections of intact tissue was to optimize binding and support the selectivity of binding of the fluorescently coupled ligands to D, and D, dopamine receptors. Toward this end, several different studies were performed. There was a proportional rise in the apparent intensity of fluorescence emission as ligand conccntration was varied from IO to 100 nM: at 10 nM, fluorescence emission was undetectable even at I5 min incubation, while at a concentration of 100 nM, there were well-visualized cell bodies. This latter observation is consistent with previous reports in which a similar concentration was also found to be optimal for consistent and reproducible visualization of receptor binding localizations of similar fluorophorc-coupled ligands (Ariano et al., 1989, 199 I ; Madras ct al., 1990) . Although a 100 nM concentration is considerably higher than the reported affinity values for these Auorescently coupled ligands, and may result in some loss of selectivity for the respective D, and D, receptor subtypes (Barton et al., 199 I) , this concentration was necessary to obtain fluorescent emission of sufficiently high energy to be consistently visualized and recorded on light-sensitive film.
In using the present lluoroprobes, it was also ncccssary to demonstrate linear binding characteristics as determined from kinetic studies. Following a I6 hr incubation with a 100 nM concentration of SCH 23390-Bodipy (Ariano et al., I989) , there was intense fluorescence throughout the entire section that obscured a potential signal from specific neuronal cell bodies. Kinetic experiments indicated that incubation for l-15 min resulted in a linear increase of fluorescent signal on cell bodies. Beyond IS min of incubation, fluorescent emission from the neuropil increased gradually up to approximately 90 min, at which time the emission was no longer distinguishable from that on ccl1 bodies. This characteristic of cell bodies to bc visualized initially and then followed by an increase of fluorescence in the neuropil may be due to a combination of several factors. For example, it is possible that the dopamine receptor population on cell bodies may be of a higher density than that associated with neuronal processes in the neuropil. It is also possible that dopaminc receptors on dendrites and spines, and possibly even autoreceptors (Roth, 1984) on dopamine terminals, may display different affinities for these fluoroprobes than those on cell bodies of the cortex. Since the goal of this study was to identify the types of cells that may express receptors for dopamine, it was important to visualize binding selectively on neuronal cell bodies. In this way, it will eventually be possible to combine the current localization procedure for receptors with one that can visualize markers for other intrinsic transmitter systems, so that the identity ofthese dopamine receptor-positive cells may be elucidated. It should be noted, however, that the data are equivocal regarding the presence of dopaminc axosomatic synapses in cortex. Several electron microscopic studies provide evidence suggesting either the absence of such synaptic relations (Van Eden et al., 1987; Seguela et al., 1988) or their presence on pyramidal and possibly nonpyramidal cell soma Vemey et al., 1990) . Interestingly, although these studies report a paucity ofdopamine axosomatic synapses, they also note the frequent occurrence of dopamine axonal varicosities in close apposition to neuronal perikarya, suggesting the possibility that these terminals may exert a nonsynaptic action on neuronal cell bodies. We probably also have localized receptor molecules within the cytoplasmic compartment ofcell bodies, but most, or even all ofthese may eventually be inserted in distal dendrites. This receptor pool would, ncvertheless, have aided us in the identification of a preferential distribution of D, versus D, receptor subtypes with respect to nonpyramidal versus pyramidal cells. Nevertheless, we cannot exclude the possibility that some of the cell body labeling observed might reflect binding not to receptor molecules but, rather, to other nonreceptor proteins within the cytoplasm. With the technique employed here, it is not possible to exclude this latter possibility. Even so, such nonreceptor binding would have occurred in cells showing a laminar distribution similar to that for the mesocortical dopamine projection, suggesting that this potential pool might play a role in the mediation of dopamine effects on cortical neurons.
Although the parent ligands demonstrate relatively high affinity for dopamine receptors (Barton et al., 1991) , it was necessary to evaluate the subtype selectivity of these fluorescently derivatized ligands in intact tissue sections. It has been reported that the coupling of a fluorophore moiety to these ligands can lower their affinity and receptor subtype selectivity (Barton et al., 1991) . For this reason, the present study included a series of experiments in which the effects of the dopamine receptor agonists SKF 38393 and quinpirole were evaluated. These compounds produced little noticeable cross-inhibition for their respective opposite receptor subtype binding site. Low concentrations (10 nM) of the dopamine-selective agonists SKF 38393 and quinpirole were effective in reducing the binding of the fluorescently coupled, dopamine receptor-selective antagonists SCH 23390 and NAPS, respectively, but not vice versa. Although dopamine receptor-selective ligands coupled to the lluorophore Texas red have been reported to show a greater decrease in selectivity than with other fluorophores (Barton et al., 199 I) , the present results show that under the conditions employed here, receptor subtype specificity was adequately maintained when either the D, or D, ligands were derivatized with Texas red.
The dopamine receptor agonists SKF 38393 and quinpirole were selected for use in examining the subtype selectivity of the fluoroprobes based on the findings from initial experiments using either unlabeled agonists or antagonists, including SCH 23390 and spiperone. These studies indicated that the use of the agonists SKF 38393 and quinpirole produced the most reliable diminution of fluorescent signal through a series of several experiments. It is difficult to address specifically the reasons why thcsc two agonists produced the most satisfactory result. There may bc a variety of stcric interactions between unlabeled antagonists and their counterparts conjugated to fluorescent moieties. The fact that them was an inhibitory effect by SKF 38393 and quinpirole with a concentration 10 times lower than that for the labclcd ligand suggests that the fluorescently coupled ligands were selective for their respective receptor subtypes. Additional evidence in support of this conclusion is provided by several recent studies that have also demonstrated the specificity of similar fluoroprobes for D, and D, receptor binding sites in both intact tissue sections and striatal membrane suspensions (Ariano et al., 1989, 199 I; Monsmaet al., 1989; Barton ct al., 199 I) .
Receptor localization and distribution considerations
Since the quantitative findings for the D, and D, dopamine receptor subtypes were very similar, the results obtained from these receptor binding studies will bc considered together. Thcrc was a high degree ofcolocalization for Ruorcsccnce-emitting cell bodies with NSE-IR ones. This observation suggested strongly that some dopamine receptor binding sites may bc present on neuronal cell bodies in mPFC. Some neurons in other dopaminoccptivc regions also have been found to possess dopamine receptors. For example, it is thought that dopamine D, receptors may occur on postsynaptic neuronal cell bodies in adult rat striatum while D, receptors are located on neuronal somata in substantia nigra (Creese et al., 1983) . Additional evidence from the present study supporting a localization of these receptors on cell bodies comes from the size analysis of fluoroprobe-positive cells in layer VI of mPFC. Notably, the size range of D, receptor-positive cells is similar to that of nonpyramidal neurons and the size range of D, receptor-positive cells overlaps with that for both large nonpyramidal and small pyramidal neurons. Interestingly, immunocytochemical studies of DARPP-32 (Ouimet et al., 1984; Berger et al., 1990) a dopaminc-and CAMP-regulated phosphoprotein associated with dopaminoceptive neurons (Walaas and Greengard, 1984) , indicate that the majority of neurons containing this protein in rat and monkey cortex display the morphological characteristics of pyramidal cells of varying sizes, although some have the characteristicsofnonpyramidal neurons. In addition, in a recent report combining light and electron microscopic immunocytochcmistryand Golgi impregnations, dopamine-containingaxon terminals were found to form symmetric synapses on the soma, dendritic shafts, and spines of cortical pyramidal cells although some terminals with immunoreaction product were also found on nonpyramidal cells with an appearance similar to basket neurons. These data taken to-gether with the present findings suggest that dopamine D, and D, receptors may be differentially localized to a broad range of nonpyramidal versus large nonpyramidal and small pyramidal neuronal cell types, respectively. While some studies have suggested that DARPP-32+ontainingcells are primarily pyramidal neurons that express D, receptors, the present study indicates that in cortex the D, subtype may be preferentially localized to nonpyramidal elements. The colocalization of DARPP-32 with D, receptors has been inferred from regional distribution analyses in subcortical areas (Walaas and Grccngard, 1984) . Based on the present findings, the proposed association of D, receptors with DARPP-32xontainingpyramidal cells may not be the case in cortex where the dopamine system also shows unique functional properties not observed in subcortical regions. For example, there is a selective response of mesoprefrontal dopamine afferents (originating from A10 cell bodies) to footshock stress (Thierry et al., 1976; Lavielle et al., 1978; Tam and Roth, 1985; Roth et al., 1988; Deutch and Roth, 1990 ). An electrophysiological study has shown that both D, and D, agonists can induce inhibitory responses and inhibitory responses followed by excitatory responses in dopamine-sensitive neurons of rat mPFC (Sesack and Bunney, 1989) . These findings are compatible with a model in which D, and D, receptors localized on intemeurons and pyramidal cells, respectively, give rise to opposing influences on neuronal firing, possibly through combined disinhibitory and inhibitory mechanisms. It should be pointed out, however, that inhibitory responses were only recorded in 7% of the pyramidal cells studies; however, the D, selective antagonist sulpiride specifically attenuated this dopamine-induced inhibition of pyramidal neurons (Sesack and Bunney, 1989) . Thus, the selective effects of dopaminergic affercnts on mPFC may be mediated through a complex set of interactions among intrinsic cortical elements.
Several recent reports provide evidence to support the idea of colocalization of dopamine receptor subtypes on some of the same cells and, specifically, suggest a synergistic interaction between the D, and D, receptors in striatal medium spiny neurons (Walters et al., 1987; Bertorello et al., 1990; Strange, 1991) . Although the present results suggest that there may be a differential distribution of D,-and D,-like receptor binding fluorescence on different populations of cortical neurons, there nevertheless was some overlap for the two receptor subtypes on nonpyramidal neurons in the size range of 80-l 00 prnz. In order to ascertain specifically whether D, and D, receptors are coexpressed on a subpopulation of cortical dopaminoceptive neurons, it will be desirable to use Auorescently coupled ligands at lower concentrations that will ensure greater selectivity for the respective receptor subtypes. Toward this end, quantitative fluorescence densitometry will be needed for the respective probes because binding at lower concentrations of ligand will be below the limits of sensitivity of conventional photomicrographic techniques. In addition, it is also of interest to note that the labeling characteristics of the respective Buoroprobes, as demonstrated in Figures 1-3 , suggest the possibility of probe localization both intracellularly and on the cell surface. At the present level of magnification and image resolution, however, it is not possible to determine accurately the exact nature of such differences in visualization of the fluoroprobes. In order to explore this question further, it will be necessary to combine the USC of low concentrations of fluoroprobe with the use of confocal microscopy that can provide the image resolution necessary to determine better the subcellular localization of these probes.
Analysis of the laminar distribution of D,-and D,-like receptor binding fluorescence in the present study showed cells with fluorescent emission present in layers II-VI. There was a significantly higher density of these cells preferentially distributcd in layers V and VI than in the superficial laminae. This laminar gradient in the density of neurons showing D,-and D,-like receptor binding fluorescence in mPFC is consistent with the known distribution of the mesocortical projection (Emson and Koob, 1978; Lindvall and Bjorklund, 1978; Thierry et al., 1978) dopamine-containing fibers (Van Eden et al., 1987 ) DARPP-32-immunoreactive cells (Ouimet et., 1984; , and DARPP-32 mRNA (Schalling et al., 1990) . Furthermore, the distribution ofcclls showing fluorescence reported in this study is also consistent with the evidence provided from numerous autoradiographic studies in rat that show a corresponding laminar density gradient of D, and D, receptors in the anteromedial cortex, where the highest receptor density is preferentially localized in the deeper layers (Klemm et al., 1979; Dawson et al., 1985 Dawson et al., , 1986 Dubois et al., 1986; Savasta et al., 1986; Charuchinda et al., 1987; Richfield et al., 1989) . It should also bc noted that coincubation of NAPS-Texas red with 100 nM mianserin decreased the numbers of labeled cells through the depth of the cortex, but this effect was greatest in the superficial layers (see Fig. 5 ). The distribution pattern of D, receptor-positive cells shown here does not correspond to the known distribution of serotonergic afferents (Lidov et al., 1980) or S-HT, receptors (Pazos et al., 1985) since, in the anterior cingulate cortex, the highest density of each is in the superficial layers and lowest density is in layer VI. Thus, taking into account their specific binding characteristics and their ability to label cells with a distribution similar to that of the mesocortical dopamine system, the fluorcscently coupled, high-affinity dopamine antagonists used in this study appear to be useful probes for the investigation of the cellular distribution of D, and D, receptors in sections of intact tissue.
It is noteworthy that there was a small percentage of cells beneath the cortical mantle that also was found to have D,-and D,-like receptor binding fluorescence. As determined from the cell size distribution studies, the great majority ofthese receptorpositive cells fell into the size category of less than 40 pm*, which corresponds to the size range of glial cells measured in Nissl-stained sections. A few such cells also showed some D,-like receptor binding fluorescence and D,-like receptor binding fluorescence in layer VI as well. A possible explanation for this finding comes from biochemical, electrophysiological, and autoradiographic receptor binding studies Hosli, 1986, 1988) suggesting that some astrocytes may possess receptors for dopamine and other biogenic amines. To date, there is little information regarding the functional role of such proposed glial receptors, although it has been suggested that such receptors might be involved in the regulation of second messengers such as CAMP (Hosli and Hosli, 1988) .
Recent investigations have demonstrated that there may also be other, generally less prevalent, dopamine receptor subtypes, including D,-like D, (Sokoloff et al., 1990) and D, (Van To1 et al., 199 1) forms as well as a D,-like D, (Sunahara et al., 199 1) form. The heterogeneous forms of dopamine receptor subtypes could theoretically be associated with different cell types, including non-neuronal ones. Accordingly, the possibility must be considered that the D,-and D,-like receptor binding fluorescencc noted on presumptive glial cells within and below layer VI could be attributable to the D,, D,, or D, subtypes; however, specific probes for these receptors will be needed to resolve this question.
In conclusion, using a high-resolution, fluoroprobe receptor binding technique under carefully controlled conditions, the present study has demonstrated a localization of dopaminc D, and D, receptor subtypes to neurons in the cortical mantle of rat mPFC. The fact that the deep cortical layers had the highest density of receptor-positive cells is consistent with the known distribution of various markers for the mcsocortical projection and suggests that fluorophore-labeled ligands have visualized functionally relevant D, and D, receptor binding activity. The different size distributions observed for cells showing D,-or D,-like receptor-binding fluorescence indicate that different neuronal types probably express spccifrc subtypes of dopamine receptor binding proteins, although overlap within some neurons may well occur. The present findings may contribute to the further understanding of how the dopaminc system is integrated with intrinsic cortical neurons and their respective neurotransmitter systems.
